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CHAPTER 1 
1             INTRODUCTION 
1.1 OVERVIEW 
The development of high voltage circuit breaker is a key issue to the development of the 
electric power system. The use of advanced computer technology and scientific 
calculation for the high voltage SF6 circuit breaker has become one of the main contents 
in the research field. If the arc-quenching chamber structure is known, the accrual 
numerical calculation of the electric field is a forward problem, optimizing the chamber 
structure according to the electric field requirement is an inverse problem solution, and it 
is more important since the SF6 gas is very sensitive to the electric field uniformity. The 
breakdown voltage of SF6 gas in uniform electric field is three times as that for air, while 
in non-uniform electric field it is close to air. The electric field around the contacts and 
nozzle is more non-uniform in SF6 CB [1]. 
Calculation of electric fields with the aid of computers is now an inevitable tool in 
various electricity-concerned technologies, in particular, for analyzing discharge 
phenomenon and designing high voltage equipments.  
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1.2 THESIS MOTIVATION AND OBJECTIVES 
The insulation breakdown is considered as one of the major problems which affect the 
performance of power system components/devices, and hence reduces the overall 
reliability of the power network. High voltage circuit breakers, like any other high 
voltage component (insulators, bushings, etc), are affected by insulation breakdown 
problem. 
In general, the insulation medium capability (or breakdown voltage) for these 
components can be improved by reducing the electric field concentration especially at the 
sharp edges to avoid any possible breakdown.  
In this thesis, the SF6 circuit breaker has been studied in order to increase the breakdown 
voltage inside the breaking chamber.   
The objectives for this thesis can be summarized as follow: 
 To enhance the insulation performance of a high voltage SF6 circuit breaker by 
reducing the maximum electric field through uniforming the field inside the 
insulation medium.  
 As opposed to all methods reported in the literature, the electric field 
enhancement has been formulated as an optimization problem in which optimum 
parameters of the design variables have been made using two optimization 
algorithms; namely: Particle Swarm (PS) and Simulated Annealing (SA) were 
used along with ANSYS software. 
 Testing the performance of the newly designed circuit breaker by comparing 
results with what has been reported in the literature. 
3 
 
 
 
1.3 THESIS APPROACH AND METHODOLOGY 
This work can be divided to the following stages: 
- Literature survey was carried out on the breakdown problem in HV equipments. 
- Literature survey was carried out on the electric field based breakdown problem 
in HV equipments. 
- Literature survey was carried out on the breakdown problem in HV circuit 
breakers because of electric field. 
- Literature survey was carried out on the electric field optimization in HV 
equipments in general. 
- Literature survey was carried out on the electric field optimization in HV circuit 
breakers. 
- A brief literature survey was carried out on the evolution history of high voltage 
circuit breakers and the tests which CBs have to pass to be part of the power 
system. 
- Formulation of electric field problem for CB’s as an objective function to be 
minimized subject to constrains. 
- The outcomes of literature survey on high voltage SF6 circuit breakers were 
reproduced (two different cases). 
- The proposed approach was used to solve the same cases which were found in the 
literature and the results were compared. 
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1.4 THESIS CONTRIBUTIONS 
The contributions of this thesis in the field of high voltage equipment design are 
illustrated as follow: 
- The proposed approach presents a solution to enhance the insulation performance 
for many high voltage equipments such as: post insulators, bushings, gas 
insulated/air insulated switchgears and circuit breakers. 
- The proposed approach presents fast convergence techniques to reduce the design 
cost for the high voltage equipments. 
- The proposed problem formulation and proposed approach were tested for 
different cases reported in the literature. 
 
1.5 THESIS ORGANIZATION 
The remaining chapters in this thesis are organized as follow: 
Chapter 2 contains literature survey about breakdown in electrical equipments in general, 
electric field based breakdown in HV equipments, breakdown of HV circuit breakers due 
to electric field, optimization of electric field in electrical equipments, optimization of 
electric field in HV circuit breaker and brief literature survey about high voltage circuit 
breakers including the tests which are conducted. Chapter 3 addresses the optimization 
problem formulation and Finite Element Method principle (FEM) in solving partial 
differential equations. Chapter 4 presents the proposed algorithms to solve the 
optimization problem. Chapter 5 presents the simulation results for the two tested cases. 
Chapter 6 presents the conclusions and the recommendations for the future researchers.  
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CHAPTER 2 
2         LITERATURE REVIEW 
          This chapter presents a literature survey about breakdown in electrical equipments 
in general, electric field based breakdown in HV equipments, breakdown of HV circuit 
breakers because of electric field, optimization of electric field in electrical equipments, 
optimization of electric field in HV circuit breaker and brief literature survey about high 
voltage circuit breakers including the tests which are conducted.  
 
2.1 BREAKDOWN IN HIGH VOLTAGE EQUIPMENTS 
According to [2], Electrical equipment has been known to fail by voltage stress (surface 
or internal discharges), by mechanical stress, by environmental conditions of heavy 
humidity, or chemical contaminants.  
For safe and reliable operation of insulation systems, the dielectric properties of the 
insulation material, the manufacturing process and the insulation structure are most 
definitely addressed. Over the past decades, a series of changes have taken place in high 
voltage insulation systems [3]. 
Fofana et al [4] showed that moisture is enemy number one for transformer insulation, 
whereas in [5] & [6] the necessity of understanding the electric field and potential 
distribution in the transformer insulation system was highlighted, especially for the 
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designers to reduce the size and weight of electrical equipment in order to remain their 
companies’ in the trade competition. 
It is known that any metal particle contaminants present in the gas, produced for example 
from mechanical abrasions, can have a harmful effect by drastically lowering the corona 
onset and breakdown voltages. However, there is relatively little information available on 
how these effects depend on the particle shape, size, specific gravity and conductivity, the 
type of gas and gas pressure, the waveform of the applied voltage and the electrode 
configuration. It is essential that these effects be investigated in order to obtain design 
data for compressed-gas insulated high voltage equipment and to gain some insight into 
the pre-breakdown and breakdown processes. It has been observed that alternating 
voltage breakdown characteristics in compressed SF6 in the presence of free conducting 
particles are markedly dependent on particle shape, size, and material [7]. The presence 
of contaminating particles has long been recognized as a major limitation on the voltage 
insulating ability of compressed gases. Cases of failures in gas insulated substations and 
transmission lines have involved particles as a suspected cause and include breakdown 
with the gas gap alone and with dielectric surface flashover [8]. Filamentary conducting 
particles greatly reduce the ac breakdown voltage in compressed SF6, the effect 
becoming more pronounced with increasing particle length. The micro discharge and 
field enhancement mechanisms both appear to play important parts in particle-initiated 
gas breakdown. The relative contributions of each cannot be determined exactly, but the 
present results indicate that the effectiveness of either depends upon the particle motion 
and the experimental conditions [9]. Yet in contrast to liquids and solids, there are too 
few molecules to cause significant polarization effects and so electrical losses can be 
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vanishingly small. Because dielectric losses are extremely low, the common limitation 
for gaseous insulation is electrical breakdown [10]. 
The temperature and gas density distributions caused by the hot gas had taken into 
account in addition to the electrical field imposed across the gas by Uchii et al [11], the 
dielectric withstand of the hot gas can be much lower than that of unheated gas. Thus, the 
hot gas can lower the dielectric capability between the grounded tank and the high 
voltage interrupting chamber of the SF6 CB. Recently, gas CBs have been made 
increasingly compact, and the decrease in dielectric capability due to hot gas has become 
an important engineering problem in the development of GCB. 
To develop a compact and reliable dead tank GCB, the behavior of hot gas flow and 
mechanisms of ground fault phenomena must be understood and accommodated during 
design stage. Despite a high electrical field strength outside the exhaust tube and lower 
field inside, the ground fault started inside the exhaust tube because the dielectric 
withstand of the hot gas within the tube is very low, which provides a weak-point  for the 
initiation of breakdown.  
The breakdown voltage (BDV) of SF6 gas under a uniform electrical field is a function of 
both density and temperature, for gas temperatures below 800K, the BDV under a 
uniform electrical field is proportional only to gas density, which is well known as 
paschen’s law, above this temperature the BDV is lower value than predicted by 
paschen’s law as a result of thermal dissociation or ionization of SF6 molecule [12]. 
Farahani et al in [13] have illustrated the insulation system of high voltage rotating 
machines, according to the aforementioned paper the insulating system is stressed during 
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operation by several factors like temperature, electrical field, and/or mechanical forces 
stresses the insulation is more strongly affected compared to purely additive application. 
Temperature and electrical field are of special importance for the aging procedures. In 
practice the electrical stress plays the main role in the development of insulation 
deterioration and the final breakdown, while other stresses such as thermal, mechanical, 
thermo-mechanical and environmental stresses are mostly the inception factor for 
creation of defects in insulating systems. The electrical stress can cause partial discharges 
in voids and cavities, which erode insulating materials and may lead to electrical treeing, 
which is often referred to as the most important degradation mechanism in solid 
insulations. 
Another research [14] has been published to study the behavior of the insulation systems 
for high voltage rotating machines under different stresses, One of the most important 
insulation deterioration mechanisms in rotating machines is thermo-mechanical stresses 
during the machine’s life caused by on-off operations or load changes. With these load 
changes, the insulation is thermo-mechanically stressed and ages because of the different 
thermal expansion coefficients of the materials involved and because of local and 
temporal gradients. 
When the load on the machine is rapidly increased, the temperature of the copper rises 
quickly because of the I²R losses, while the temperature of the insulation increases more 
slowly. Along the length of a long stator bar, a considerable shear stress between the 
copper and insulation will occur. If the insulating system cannot resist this shear stress, 
the bond between the copper and insulation may break and/or the laminated layers in the 
ground wall may tear or fatigue. Electrical stress which caused by the electric field 
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distribution can lead to insulation degradation because of (Partial Discharge) PD activity 
within the insulation adjacent to the conductor or in the bulk of the ground wall. The 
electrical stress can lead to electrical treeing, which is often referred to as the most 
important degradation mechanism in solid insulation. 
We can conclude from [13] and [14] that the main two factors of breakdown in the 
rotating machines are the electric field and the thermo-mechanical factor. 
Pfeiffer in [15] has studied the stresses on solid insulator. In practice, as far as electric 
stress is concerned, two failure mechanisms of solid insulation are relevant. Due to 
dielectric losses at high electrical stress, increased heating will occur, which may lead to 
thermal instability and thermal breakdown. This usually takes place within a few minutes 
and can be verified rather easily. The other major mechanism is the short-time breakdown 
field strength. Additionally, solid insulation systems typically also include gas gaps or 
voids either caused by different layers of insulation and interfaces or by improper 
manufacturing of the solid insulation material. In those small gaps partial discharges are 
very likely to occur at much lower field than being typical for the withstand capability of 
solid insulation.  
Volat and Farzaneh [16] illustrated the effect of ice on the field distribution in solid 
insulators. They ended up that ice shedding during a melting period that modifies the 
number of air gaps (which affects the potential distribution along the ice-covered 
insulator) and the air-gap length (which affects the value of mean critical electric field) 
can considerably affect the development of flashovers along an ice-covered station post 
insulator. 
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In [17], another team of researchers worked on the charge profiles in XLPE cable under 
high electric fields. Space charge will have to be considered since its accumulation under 
a dc electric field is thought to be much more significant than that under ac fields. Space 
charge measurement in insulating materials had been done using conventional techniques 
such as the Thermally Stimulated Current (TSC) and the thermal pulse methods. 
Cao et al [18] introduced a new trend in the dielectric industry by studying the 
nanodielectrics technology. According to their research, the fundamental understanding 
of dielectric properties at the nanoscale level is of great importance in the development of 
functional nanodielectrics for the electric power industry. More than ever such 
development needs will require close cooperation between industry and academia. Major 
original equipment manufacturers for example are already investing tremendous research 
and development effort and resources to position themselves for the coming challenging 
decade. 
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2.2 ELECTRIC FIELD BASED BREAKDOWN IN HIGH VOLTAGE 
EQUIPMENTS 
In order to judge the breakdown behavior of high voltage arrangements it is important to 
know the field strength distribution especially the maximum value [19]. The knowledge 
of the field and the potential distributions at the dielectric insulation has always been 
important as a consequence of the general requirement to reduce the physical size of HV 
systems and to assure a high degree of reliability in operation. Improvement of HV 
systems reliability demands progress in the design criteria as well as a better 
understanding of the insulation behavior. The maximum values for the electric field along 
the dielectric/vacuum interface increase with higher dielectric permittivity materials [20]. 
Control of the electric field within and around high voltage equipment such as 
transmission line conductors, insulators and associated line hardware, surge arresters, 
switchgear, power transformers and rotating machines, is a very important aspect of the 
design of such equipment. Possible consequences of high levels of electric field are 
audible noise, radio noise, partial discharge and premature aging of insulation. Such 
effects can be evaluated strictly via laboratory experiment on full-size equipment or, in 
some cases, on “mock up” representations of the parts of the equipment of particular 
interest. Such testing can be very time consuming, often requiring a number of “trial and 
error” tests to determine dimensions and geometry which will result in satisfactory 
performance. The overall “design optimization” process can be greatly accelerated 
through the use of numeric electric field analysis. It is now possible to perform electric 
field analyzes of quite complex geometry on quite modest desk-top computers. However, 
for expediency and speed of computation, it is often desirable to simplify the geometry 
12 
 
 
 
[21]. In the aforementioned paper, electric field analysis programs based on a boundary 
element method have been employed to study the electric field and potential distribution 
along nonceramic insulators, and to demonstrate the influence of various aspects of line 
and tower geometry on the electric field along the insulators. 
Many examples have been investigated during more comprehensive studies of practical 
problems encountered in recent years, demonstrate how the electric field and if necessary 
gradient distributions of certain high voltage equipment can be determined using the 
general-purpose program [22]. 
According to [23], the maximum dielectric strength for a gaseous insulator is obtained 
when electrode configurations produce uniform field distribution in the gap. However, in 
most of the practical applications, non-uniform field gaps are unavoidable.  
The excellent insulation performance of SF6 is however only realized in uniform electric 
fields. If SF6 is used in non-uniform electric fields, its insulation performance is greatly 
reduced. To design compact GIS therefore, as uniform an electric field as possible must 
be achieved. It is well known that the insulation characteristics of SF6 under a uniform or 
quasi-uniform electric field greatly depend on local electric fields. When designing a 
GIS, electric field calculations are essential and GIS can be made optimal and economical 
only through the use of these calculations [24]. Most of the available publications, 
however, concentrate on the discharge characteristics of SF6 as a function of gap length 
and pressure. While a variety of electrode configurations was considered, the attention 
was not focused on the effect that a methodical variation of the radius of curvature of the 
electrodes may have on the breakdown characteristics. If the radius of curvature of a 
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given type of configuration is allowed to take a great number of values, interesting 
breakdown properties of the SF6 are observed which may be useful in the design of high 
voltage apparatus [25]. According to [7], the precise mechanisms causing breakdown in 
the compressed gases under contaminated conditions are not completely understood. One 
of the major mechanisms which might explain particle-initiated breakdown is the electric 
field at the particles. From the long history of troubleshooting, it is apparent that once a 
foreign metallic particle enters the insulation system, the breakdown voltage is 
significantly reduced and electric field calculation will be necessary to avoid the 
discharges from microstructure parts [26].  
The main hazard in GIS comes from free metallic particles, which can move and cause 
breakdown under the influence of the electric field. Failure can also occur from highly 
stressed points accidentally left on a conductor, or from the repeated sparking of a 
floating electrode [27]. Sato et al [28] suggested a solution to solve this problem in GIS, 
they proved that composite insulation in the form of metallic electrodes coated with 
insulation is effective in reducing electric field strength and increasing breakdown 
voltage. It was clarified that there is an optimal thickness of insulation coatings which 
reduces electric field strength and the effects of reducing relative permittivity was shown. 
It was also shown that the field-reducing effect was prominent in a non-uniform electric 
field. Consequently, the study enabled the insulation distance in the gas gap to be reduced 
and made a great contribution towards reducing the size of the GIS. 
In transformer, Qin et al [6] explained the necessity of computer program as an important 
tool for the transformer insulation design. It has been used to identify regions of high 
field strength where electrical breakdown might occur. Vogelsang et al [29] showed that 
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the electrical tree propagation (as a result of electric field stress) is the main electrical 
degradation mechanism leading to breakdown of high voltage winding insulation. 
Capacitor is a simple electrical device compared to other electrical equipment, the 
electrical stresses within it are probably the highest of any common insulation system [2]. 
This is why a precise electric field distribution study should be conducted to ensure the 
safe use of a certain capacitor design. Another paper was proposed to study the 
breakdown in generator circuit breaker capacitor by Andjelic and Sadovic in [30]. 
In [31], high resistance surface coating of solid insulating components in highly stressed 
HVDC insulation systems have been investigated. The field distribution of HVDC 
insulation systems can be improved by using conductive surface coating. If a temperature 
increase due to power losses in the coating is avoided the resistance, is independent on 
the voltage and electric field stress. 
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2.3 BREAKDOWN IN HIGH VOLTAGE CIRCUIT BREAKERS 
DUE TO ELECTRIC FIELD 
Manufacturers have focused on reducing the cost of interrupter components by adapting 
to more efficient contact geometry, improved contact materials, finite element modeling 
for improved field distribution and new processing techniques. Electric field analysis can 
be used to find the electric stress distribution to help the design of insulation that is 
adequate at the various applied voltages required under test and installation [32]. 
Due to the size reduction constraints of Gas Circuit Breaker (GCB), the hot gas during its 
dielectric recovery can be exposed (near the grounded tank or the exhaust tube) to high 
electrostatic fields leading to undesirable gas breakdown [33]. 
The transient breakdown voltages between the contacts could be calculated with high 
accuracy by combination of the gas flow analysis, electric field analysis and breakdown 
stress of SF6 gas. The transient breakdown voltages were generally lower than the static 
values obtained for stationary contacts and SF6 gas. This voltage decrease was closely 
connected with the transient pressure drop on the contacts. The transient breakdown 
voltage and pressure characteristics varied with nozzle shape. In an optimum nozzle the 
pressure drop was small and the transient breakdown voltages were high [34]. 
Nitta and Shibuya in [35] explained the effect of space charge in the breakdown voltage 
in SF6 breakers. At high pressure, the experimental discharge voltages reduce 
considerably from the theoretical values, and sometimes breakdown occurs under 
condition where even the maximum field in the gap is less than the value required. This 
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was explained as the effect of field distortion by negative space charge produced by field 
emission of electrons from the cathode. 
For Vacuum Circuit Breakers (VCB) and Vacuum Interrupter (VI), Okubo in [36] 
showed that in recent years, optimization techniques of electric fields and electrical 
insulation, based on numerical analyses, such as CSM (Charge Simulation Method) have 
been introduced and have shown the significant effects on the development of the high 
voltage VI. It can be said that the electrode materials development, electrode conditioning 
and area effect of breakdown will be the critical techniques, especially under the non-
uniform and long gap electrode configurations. In addition, the surface charging 
mechanism should be clarified to avoid the creepage discharge inception, under the 
higher average field VI. Computer aided optimization techniques for electrical insulation 
performance are considered to be introduced in the future. 
In [37], the 84 kV class vacuum gap breakdown and surface flashover are summarized by 
the area effect. The multi-gap configuration remarkably increases the flashover voltage. 
The investigation results have contributed to size reduction of the vacuum 
interrupter/vacuum circuit breaker. Finally cubicle type GIS (C-GIS) housed the vacuum 
interrupter/vacuum circuit breaker was reduced as well. 
Schumann et al [38] studied the breakdown voltage of electrode arrangements in vacuum 
circuit breakers. They reported that in the main contacts the HV strength decreases with 
growing electrode diameter. The measurement indicates a strong influence of the surface 
roughness on the HV strength. Smoother surface conditions lead to a higher dielectric 
strength, as would be expected. In order to increase the HV strength of shield electrodes 
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it is more effective to increase the gap between the electrodes than to enlarging the 
electrode radius. 
Statistical property of the breakdown in vacuum was experimentally studied in [39]. The 
results was used to have an expression for cumulative breakdown probability of the 
contact of a vacuum circuit breaker as a function of applied voltage (V) and contact 
spacing (d). 
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2.4 ELECTRIC FIELD OPTIMIZATION IN HV EQUIPMENTS  
Electric field optimization has been used in large scale recently to enhance the design of 
many electrical components. 
Electric field computation to optimize the design of gas filled high voltage composite 
bushings was published by Monga et al in [40]. The United States Navy employs these 
bushings in high power very low frequency/low frequency transmitting stations. 
Commercially available 2D and 3D computational packages based on the boundary 
element method were employed to analyze the electric fields. The optimized design uses 
both internal and external elements for electric stress grading at critical parts of the 
bushing. It has been shown that the location and magnitude of the maximum electric field 
have been optimized which should result in a substantially higher corona free operating 
voltage. It has been demonstrated that the use of the 2-D model can be used effectively 
for optimizing the design of HV bushings. The optimum design consists of one corona 
ring at the top and an internal metal electric field shaper. Adding additional internal or 
external corona rings did not significantly change the magnitude or the location of the 
maximum electric field when compared to the optimized design. 
The design of high voltage systems and their components (e.g. gas insulated switchgear, 
transformers etc.) is governed by the goal of reaching maximum reliability with a 
minimal need of material and space. A substantial prerequisite in order to reach this goal 
is an optimal electric field strength distribution on electrode, surfaces and dielectric 
boundaries. Such an optimal field strength distribution can he found using appropriate 
numerical optimization algorithms in combination with numerical field calculation 
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methods. A mathematical optimization algorithm is an algorithm that tries to find an 
optimal set of parameters for which a given objective function reaches a minimum. In 
order to utilize such an algorithm for high voltage engineering problems it is necessary to 
generate the geometry to be optimized depending on the parameters delivered by the 
optimization algorithm. Furthermore, it is desirable to optimize complex three 
dimensional field problems within a minimum computation time [41]. 
A new method for optimization of high voltage electrode contours based on Genetic 
Algorithms (GA) techniques has been presented in [42]. The method seeks the 
optimization of the electrode shape in order to achieve a uniform field distribution along 
the electrode surface while maintaining the maximum field stress at a minimum value. A 
practical example of an axisymmetric single-phase GIS bus termination is considered. 
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2.5 ELECTRIC FIELD OPTIMIZATION IN HV CIRCUIT 
BREAKERS 
Designing a circuit breaker is a very complicated task since a lot of parameters have to be 
considered to pass the type test which will be illustrated next section. 
The major two parameters can be summarized as follows: 
- The circuit breaker should be able to carry the required current without 
permanent damage during all possible circumstances (normal and transient). 
- The circuit breaker should be able to maintain the insulation level without 
breakdown inside the insulation medium during all possible conditions 
(normal and transient). 
The fundamental equations to evaluate the voltage inside any medium are Poisson’s 
equation and Laplace’s equation. 
The Poisson's equation in 3-D is given by: 
 
   
   
  
   
   
  
   
   
  
   
 
 
(2.1) 
 
The Laplace’s equation in 3-D is given by (by assuming that no space charge     ) 
   
   
  
   
   
  
   
   
    
(2.2) 
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The electric field can be evaluated by taking the gradient of the obtained voltage. 
Perhaps the simplest among many partial differential equations that express physical 
phenomena among various numerical calculation methods, Finite Difference Method 
(FDM) and Finite Element Method (FEM) are very unique as they have been applied 
exclusively to electric field calculations. Fundamental difference between FDM and FEM 
is that, FDM can be used for calculation of potential at nodes only but FEM can be used 
for calculation of potential at nodes as well as within the elements. Furthermore, FEM 
much gives much accurate results for the geometries which have curvatures. 
Calculation of electric field in 3D arrangement poses no essential problem by of the 
numerical methods if the field is given by Laplace’s equation. The difficulty is that, it 
usually requires tedious work in preparing the input of a large amount of errorless data 
associate with 3D conditions. 
Numerical solution of electromagnetic (EM) problems started in the mid of sixties with 
the availability of modern high-speed digital computers. Since then, considerable effort 
has been expended on solving practical, complex EM-related problems. 
The finite element method has its origin in the field of structural analysis. The method 
was not applied to EM problems until 1968. Like the finite difference method, the finite 
element method is useful in solving differential equations. As finite difference method 
represents the solution region by array of grid points, its application becomes difficult 
with problems having irregularly shaped boundaries, such problems can be handled more 
easily by using the finite element method.  
The finite element analysis of any problem involves basically four steps which are: 
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- Discretizing the solution region into a finite number of sub regions or elements. 
- Deriving governing equations for a typical element (set of algebraic equations). 
- Assembling all the elements in the solution region. 
- Solving the system of equations obtained. 
Few papers have been presented to solve this problem in CB. In [43], this problem was 
solved for 2D geometry of 550 kV SF6 breaker chamber, the authors reported that it was 
the first time for such complex structure of high voltage SF6 arc quenching chamber to 
be optimized. Using Variable Interval Genetic Algorithm (VIGA), the radius of curvature 
of the movable and stationary contacts are used as optimization variables, minimum of 
the ratio between maximum electric field and the average one is regarded as objective 
function in order to achieve more uniform distribution of the electric field, as a result the 
insulation capability of the arc quenching chamber for the same breaker was improved. 
The electric field in the optimized geometry was reduced by 37.2% from the initial 
geometry value, the electric field is calculated at six points (nodes) only, the reported 
optimization time is more than 8 hours (28975.891 s). 
Hongxia et al [1] solved the same problem for 2D geometry of 252 kV SF6 breaker 
chamber since the 3D electric field in arc quenching chamber can be simplified to 2D due 
to the axisymmetric characteristic of the structure. Using zero-order method from the 
ANSYS optimization design tool, the shapes of nozzle and contacts are selected as 
optimization variables and the minimum of maximum electric field is regarded as 
optimization function. 
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A decent effort has been introduced by a group from Dalian university of technology in 
china [44]. The aim was to uniform the electric field distribution in the Vacuum 
Interrupters (VIs) especially in the high voltage range since it’s not common to use the 
VIs interrupters in this voltage range. As it needs multi-breaks points in the same breaker, 
the authors used ANSYS software for electric field calculation and optimization where 
the distances between the shields are the optimization parameters. 
In [45], another team of researchers worked on (VIs) where the optimized parameter was 
the floating potential electrode shape (the center shield of VI). Using Charge Simulation 
Method (CSM), the maximum electric field was reduced to 70% of none optimized 
shape.   
According to the research of Yundong et al [46], the nozzle of SF6 CB is regarded as the 
main component of arc quenching chamber. This has been considered due to its 
controlling effect on dielectric recovery characteristics of the SF6 CB directly during the 
breaking process, the dielectric recovery in the course of interruption is an important 
qualification to judge the performance of the high voltage breaker. ANN and GA have 
been combined to achieve the optimal nozzle structure, the objective function of the 
nozzle optimization is to maximize the minimum dielectric recovery voltage in such way 
that it will withstand at least twice of the peak value of power frequency voltage , the 
optimized outcome was verified by Computer Aided Engineering (CAE) simulation, in 
this approach the dielectric recovery can be predicted accurately, the judgment condition 
was taken as the four parameter curve of the 252 kV SF6 CB to identify the performance. 
Comparing dielectric recovery with four parameter curve under different nozzle 
structures, if the dielectric recovery of CB is more than four parameter curve, this shows 
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that the CB has a good performance, finally the results were excellent and the dielectric 
recovery voltage raised by 7%.  
In [47], a group of Korean researchers worked also in improving the dielectric recovery 
voltage for 170 kV GCB by minimizing the difference between the withstanding voltage 
and the applied one, using the evolution strategy as an optimization tool, the nozzle shape 
geometry was the design variable. 
The optimized parameters in [11] are the inner diameter for the exhaust tube and the 
distance between the mouth of the exhaust tube and the tip of the arcing contact, this 
paper shows that as the length of the exhaust tube increases, the hot gas at the mouth 
cools, causing the critical BDV to rise, about optimization technique, the measured data 
and the result of the electric field analysis were compared, and as a result suitable 
parameters were chosen accordingly.  
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2.6 HIGH VOLTAGE CIRCUIT BREAKERS (HVCB) 
High Voltage Circuit Breaker (HVCB) designed for operation of the electric network 
under normal conditions as well as for the interruption of faulted conditions, HVCBs 
have played an important role in power systems over 100 years [48]. 
The circuit breaker is a switching device which can open or close a circuit in a small 
fraction of second. This is achieved due to its separable contacts. The closing and 
opening of the circuit allows to establish or to interrupt the circulation of current through 
the circuit under usual or unusual working conditions, such as short circuits [48]. 
The major types of circuit breaker can be grouped based on the insulation medium and 
according to the invention history which is shown in Fig. 2.1 as follows: 
- Air Blast Circuit Breaker (ABCB). 
- Oil Circuit Breaker (OCB). 
- SF6 Circuit breaker (GCB). 
- Vacuum Circuit Breaker (VCB). 
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Figure ‎2.1 CB evolution history [49] 
   
2.6.1 Air Blast Circuit Breaker (ABCB) 
Air blast circuit breakers (also called compressed air circuit breaker) were used before 
1980s for 11 to 1100 kV. A compressor plant is necessary to maintain high air pressure in 
the air receiver. 500 kV ABCB is shown in Fig. 2.2. 
During the period 1950-1970, ABCB were preferred for 220 kV and above. However 
today, SF6 circuit breakers are preferred for this range. For 11 kV and 33 kV applications 
VCBs are preferred, ABCB have become obsolete in 1995 [50]. 
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Figure ‎2.2 (500 kV) ABCB 
 
2.6.2 Oil Circuit Breaker (OCB) 
Oil circuit breaker can be classified based on the amount of oil used to the followings: 
- Bulk Oil Circuit Breaker. 
- Minimum Oil Circuit Breaker. 
The bulk oil type was widely used for rated up to 72.5 kV before 1960. However the 
popularity of this breaker is decreasing and no more favored in modern installation [50], 
the contacts of the breaker are completely immersed in the oil. A 66 kV bulk oil circuit 
breaker is shown in Fig. 2.3. 
Due to the necessity of large amount of oil and the big size of the tank this type of OCB 
were completely replaced by the minimum oil circuit breaker. 
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Figure ‎2.3 (66 kV) Bulk oil circuit breaker 
 
The minimum oil type is also known as poor oil or small oil circuit breaker, in minimum 
oil circuit breaker the current interruption takes place inside ‘interrupter’, the enclosure of 
the interrupter is made of insulating material like porcelain. Hence the clearance between 
the live parts can be reduced and lesser quantity of oil require for internal insulation [50].    
Fig. 2.4 shows a 66 kV minimum oil circuit breaker.  
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Figure ‎2.4 (66 kV) Minimum oil circuit breaker 
 
Minimum oil circuit breakers have the following disadvantages: 
- Short contact life. 
- Frequent maintenance is required. 
- Possibility of explosion. 
- Larger arcing time for small currents. 
They are being superseded by SF6 circuit breaker in all ranges [50]. 
2.6.3 SF6 Circuit Breaker (GCB) 
Sulphur hexafluoride (SF6) is an inert, heavy gas having good dielectric and arc 
quenching properties. SF6 is now being very widely used in electrical equipments like 
high voltage metal enclosed cables, high voltage switchgears, bushings and circuit 
breakers. 
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The types of SF6 circuit breaker can be broadly identified as: 
- Double pressure type. 
- Singly pressure puffer type. 
For double pressure type, the gas from high pressure system is released into the low 
pressure system through a nozzle during the arc extinction processes. This design has 
become obsolete. 
In single pressure puffer type, the gas is compressed by moving cylinder system and is 
released through a nozzle while extinguishing the arc. This design is most popular over 
wide range of voltages from 3.6 kV to 760 kV [50]. 
Furthermore, in both the double pressure and single pressure designs, the circuit breakers 
have been developed in the following two types of indoor and outdoor designs. 
- Live tank design. 
- Dead tank design. 
In the live tank design, the interrupters are supported on porcelain insulators. Fig. 2.5 
shows 72.5 kV live tank SF6 circuit breaker. 
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Figure ‎2.5 (72.5 kV) Live tank SF6 circuit breaker 
 
While in dead tank design, interrupters installed within SF6 gas filled tank at earth 
potential. This configuration is used in Gas Insulated Switchgear (GIS) [50]. 
 
Figure ‎2.6 (72.5 kV) Dead tank SF6 circuit breaker 
 
The major advantages and disadvantages of SF6 circuit breaker can be summarized in 
Table 2.1. 
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Table ‎2.1 Major advantages and disadvantages of SF6 breaker [50] 
Sr. No advantages disadvantages 
1 
Has less number of interrupters per 
pole than the other types, as a result its 
less costly, maintenance free and 
compact. 
Sealing problem arise. 
2 
Te gas is non-inflammable and 
chemically stable. 
Arced SF6 gas is poisonous and should not 
be inhaled or let out. 
3 
Ample overload margin due to the 
superior heat transferability of SF6. 
SF6 gas is sensitive to moisture. 
4 
The breaker is silent and doesn’t make 
sound like ABCB during operation. 
Mechanism is required for high energy level 
breaker. 
5 
Ability to interrupt different types of 
fault currents in excellent 
performance. 
Special facilities are required to transfer the 
gas and to maintain the quality of the gas. 
6 
Excellent insulating and arc 
extinguishing medium. 
 
4 
No over-voltages problem and no 
frequent contact replacement. 
 
 
2.6.4 Vacuum Circuit Breaker (VCB) 
Vacuum circuit breaker is widely used in medium voltage range (1-38) kV with one 
interrupter per pole, and rarely used in the HV application, since it needs multi interrupter 
per pole and that complicates the circuit breaker, threats the durability and decreases the 
cost effectiveness of the breaker. A medium voltage circuit breaker is shown in Fig. 2.7. 
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The high speed of dielectric recovery after rapid and silent operations, suitability for 
repeated operation, simple operation mechanism, freedom from explosion, flexibility of 
design and long of life make the VCB the perfect choice in medium voltage applications. 
 
Figure ‎2.7 Withdraw-able medium voltage vacuum circuit breaker 
 
2.6.5 Testing of High Voltage AC Circuit Breaker  
The tests on high voltage circuit breakers can be classified as follows: 
- Development tests. 
- Type tests. 
- Routine tests. 
- Reliability tests. 
- Commissioning tests. 
The development tests are carried out on components, sub-assemblies and complete 
circuit breaker during and after the development of the circuit breaker. The designers and 
research scientists verify the effect of various parameters on the behavior of circuit 
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breaker, by conducting development test. Development tests are not specified in the 
standards. 
For type tests these are conducted on first few prototype circuit breakers of each type to 
prove the capabilities and to confirm the rated characteristics of the circuit breaker of that 
design. Type tests are not conducted on every circuit breaker. The tests are conducted in 
specially built testing laboratories. Type tests are performed as per recommendations of 
standards such as IEC or ANSI. 
According to IEC, the type test of high voltage AC circuit breaker includes the following 
tests which have been summarized in Table 2.2. 
Table ‎2.2 Summary of type tests on high voltage AC circuit breaker according to 
IEC standard [50] 
Sr. No Test Remarks 
1 
No load mechanical operation test. No load operations to verify speed of travel, 
opening time and closing time. Carried out 
at 85% and 110% rated voltage of shunt trip 
release. 
2 
Mechanical performance tests. 
(endurance tests) 
1000 close-open operations. 
3 
Temperature rise test. Steady temperature of conducting parts and 
insulating parts measured for rated 
continuous alternating current. 
4 
Dielectric test, (1.2/50) µs lightning 
impulse withstand and one minute 
power frequency voltage withstand dry 
and wet.  
Five consecutive shots of positive and then 
negative polarity. One minute power 
frequency withstand. 
5 
Short time current test. Rated short circuit current passed through 
closed breaker for 1 sec or 3 sec. 
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6 
Short circuit breaking and making and 
braking. 
At 10%, 30%, 60% and 100% rated short 
circuit breaking current with specified 
operating sequence and specified TRV 
(Transient Recovery Voltage). 
7 
Line charging current breaking tests. Applicable for circuit breakers rated 72.5 
kV and above to be used for over head lines. 
8 
Cable charging current breaking tests. Applicable to circuit breaker intended for 
long cable network. 
9 
Single capacitor bank breaking tests. Applicable for circuit breaker to be used for 
capacitor switching. 
10 
Small inductive current breaking tests. 
(Reactor switching) 
Applicable to circuit breaker for shunt 
reactors, transformers and motors. 
11 
Out-of-phase switching. Applicable to circuit breakers which may 
connect two parts made out-of-phase 
conditions. 
12 
Short line fault test. 
 
Applicable to circuit breaker rated above 52 
kV and for overhead lines. These are in 
addition to basic short circuit test duties. 
 
Routine tests are also performed as per the recommendations of the standards, they are 
conducted on each circuit breaker in the manufacturer’s premises. 
Routine tests confirm the proper functioning of circuit breaker. 
 
Reliability tests are conducted to verify the reliability of the circuit breakers under 
various stresses occurring in actual applications and can be conducted in specially built 
laboratories and also at site. 
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Finally, the Commissioning tests are conducted on the circuit breaker after installation at 
site to verify the operational and proper functioning. 
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CHAPTER 3 
3    PROBLEM FORMULATION 
SF6 gas is very sensitive to the EF uniformity. Therefore, our case here is how to 
design CB interrupting chamber with high EF uniformity in order to increase the break 
down voltage, i.e. we need to minimize the EF at the points which contain high field 
concentration (the sharp edges). Fig. 3.1 shows a schematic diagram of an SF6 circuit 
breaker chamber. 
3.1 THE PROPOSED OBJECTIVE FUNCTION 
For the breaker in Fig. 3.1, the following objective function has been proposed: 
 
Figure ‎3.1 Schematic diagram of SF6 circuit breaker 
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(3.1) 
                    (3.2) 
  : Fixed main contact radius (mm). 
  : Fixed arc contact radius (mm). 
  : Movable main contact radius (mm). 
  : Movable arc contact radius (mm). 
  : Nozzle radius (mm). 
The variables’ constraints are as follow: 
       ≤      ≤        
       ≤     ≤        
       ≤     ≤        
       ≤      ≤        
       ≤      ≤        
Since the numerical values for the constrains were not mentioned in the tested cases [1] 
and [43], the constrain values for the proposed optimization problem were set based on 
the following: 
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- The minimum constrains 
These values were selected based on the fact that the minimum radius which 
can be created between two points (A & B in Fig. 3.2) can’t be less than the half 
of the distance (d) between the two points plus small margin (e, 0.1 mm for 
example). 
 
Figure ‎3.2 Minimum constrains explanation 
 
- The maximum constrains 
After a increasing the radius of the arc between two points (A & B in Fig. 3.3) 
to a certain range, the shape of that arc will be almost flat (straight line). So a 
value of (30 mm) was selected as an upper limit to reduce the size of the 
searching domain in the two tested cases. The same is shown in Fig. 3.3. 
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Figure ‎3.3 Maximum constrains explanation 
 
The used governing equation which describes the electric field inside the HVCB chamber 
is given as follows: 
       (3.3) 
Where the voltage was obtained by solving the 2D (due to the axial symmetry, special 
cases form Equation 2.2 and 2.1 were derived) Laplace’s and Poisson’s equations for the 
free space charge medium and medium with space charge respectively. 
   
   
  
   
   
    
(3.4) 
 
   
   
  
   
   
  
   
 
 
(3.5) 
 
ANSYS calculates the electric field values described by equation (3.3) numerically (by 
finite element) at each node and finally we get the following vector: 
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               (3.6) 
Where (i) the node number. From this expression we can get easily the magnitude of the 
electric field at that node: 
             
     
 
 
(3.7) 
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3.2 FINITE ELEMENT METHOD (FEM) 
3.2.1 Basic Concept 
The finite element method is based on the idea of building complicated object with 
simple blocks, or dividing a complicated object into small and manageable pieces. 
Application of this simple idea can be found everywhere in everyday life, as well as in 
the engineering [51]. 
A simple example of this technique is the approximation of the area of a circle, Fig. 3.4 
shows that. 
 
Figure ‎3.4 circle approximation 
 
Area of one triangle:  
   
 
 
        (3.8) 
Area of the circle: 
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(3.9) 
     
         
Where  is the total number of triangles (elements). 
The applications of FE in engineering are as follows: 
- Mechanical/ Aerospace/ Civil/ Automobile engineering. 
- Structure analysis (static/dynamic, linear/nonlinear). 
- Thermal/ fluid flows. 
- Electromagnetic. 
- Geomechanics. 
- Biomechanics. 
The computer implementation of the FE normally done according to the following steps: 
1- Preprocessing (build FE model, loads and constrains).  
The user handles this step by selecting the analysis type, element type and material 
properties. 
2- FE solver (assemble and solve the system of equation). 
The software handles this step by making the nodes, building the elements, applying 
the boundary conditions and finally solving the problem (the set of equations). 
3- Postprossering (sort and display the results). 
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The user handles this step. 
FE can be classified to three types: 
- 1-D (line) element. 
- 2-D (plane) element. 
- 3-D (solid) element. 
The major advantages and disadvantages of FE method are summarized in Table 3.1. 
Table ‎3.1 Major advantages and disadvantages of FE method [52] 
Sr. No advantages disadvantages 
1 
Can readily handle very complex 
geometry. 
A general closed-form solution which 
would permit one to examine system 
response to changes in various parameters is 
not produced. 
2 
Can handle a wide variety of 
engineering problems. 
The FEM obtains only "approximate" 
solutions. 
3 Can handle complex restraints. The FEM has "inherent" errors. 
4 Can handle complex loading. 
 
Mistakes by users can be fatal. 
 
3.2.2 FE Mathematical Formulation 
The first concern is with the element equations [53]. Essentially there are two types: 
triangles and quadrilaterals.  
Triangular elements use the linear polynomial: 
                  (3.10) 
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Where        is the dependent variable (the voltage in electrostatic problems), the    
‘s are coefficients, and   and   are the independent variables. This function must pass 
through the values of         at the triangle’s nodes        ,         and        . 
Therefore, 
                (3.11) 
                (3.12) 
                (3.13) 
Solving for   ,    and    we have that 
                                                 (3.14) 
                                     (3.15) 
                                     (3.16) 
Where   is the area of the triangular element 
  
 
 
                                      
(3.17) 
Collecting terms, the result can be expressed as 
                      (3.18) 
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Where   
                                        (3.19) 
                                        (3.20) 
                                        (3.21) 
Fig. 3.3 shows sample triangular element. 
 
Figure ‎3.5 Sample triangular element 
 
On the other hand, rectangular elements use the interpolation formula: 
                      (3.22) 
Applying the same procedure as before, we have that 
                    (3.23) 
                    (3.24) 
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                    (3.25) 
                    (3.26) 
Where    and    are the length and height of the element respectively. The same is 
illustrated in Fig. 3.4. 
 
Figure ‎3.6 Sample rectangular element 
 
To formulate the FE for linear triangular element, we have 
           
  
  
  
  
 
  
  
  
  
 
  
     (3.27) 
Where       is a weighting function.  
             
   
  
 
 
  
   
  
 
 
 
 
    
 
        (3.28) 
Where    is the element’s domain. Upon substituting for   ,   and    we have and 
carrying out the integration, 
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In case of a rectangular element, we now have 
             
   
  
 
 
  
   
  
 
 
 
 
    
 
        (3.39) 
Carrying out the integration, 
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Where 
    
     
   
      
      
   
 (3.41) 
      
     
   
      
      
   
 
(3.42) 
                        (3.43) 
                        (3.44) 
In the triangular element as well as the rectangular one, once the      matrix evaluated 
from the geometry itself and the boundary conditions at certain points (           ) are 
known, the value of         will be available at all the available node by solving the 
following equation: 
                (3.45) 
Where    is the action (charge in electrostatic problems) at that element. 
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CHAPTER 4 
4 PROPOSED SOLUTION 
ALGORITHMS 
        After formulating the electric field problem in CB chamber as an optimization 
problem, the following step by step algorithm provides solution for such a non-linear 
electric field, the complete code has been written in the APDL language and the code was 
fully compiled by ANSYS software.  
The general skeleton of the algorithm use either the (PS) or (SA) artificial intelligence 
techniques. 
Step 1: the first macro which contains the optimization codes runs and sends the 
candidates (the optimized parameters) each time to another macro to get the 
objective/cost function value (maximum electric field) for each one, and finally we ends 
up with the best candidate. 
Step 2: the second macro receives the candidates from the optimization macro, and 
calculates the objective/cost function (maximum electric field) accordingly and sends the 
solution back to the fist macro. 
The flowchart that summarizes the above mentioned steps is given by Fig. 4.1. 
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Artificial Intelligence Optimization 
Tool.
(PS or SA) 
Maximum Electric Field Calculator
(Using Finite Element Method)
(X1,X2,X3,X4,X5)
Max EF
 
Figure ‎4.1 Skeleton flowchart for the used optimization algorithms 
 
4.1 PARTICLE SWARM ALGORITHM (PS) 
        In this section the (PS) optimization technique [54-57] will be illustrated by 
considering the CB chamber problem as an example. 
The basic elements of (PS) technique are briefly stated and defined as follows: - 
Particles:  
The optimized parameters (                 ). 
Population:  
The population of the optimized parameters has been created (random candidates within 
the search space) inside the following matrices (X1P, X2P, X3P, X4P and X5P). 
Particles velocity: 
 The particles velocity of the optimized parameters has been created inside the following 
matrices (X1V, X2V, X3V, X4V and X5V). 
Inertial weight: 
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 It is a control parameter or matrix (X1SOLDEF for example) that is used to control the 
impact of the previous velocities on the current velocity, in our case the difference 
between the global best solution (BESTCHILD) and the initial parameters (X1P matrix 
for example) multiplied by random number (between zero and one) has been used as an 
inertia weight. 
Individual best: 
 The parameter (JBEST) has been used as individual best locater to save the best solution 
which obtained from each generation. 
Global best: 
 The parameter (BESTCHILD) has been used as global best locater to save the best 
solution which obtained from all the generations. 
Stopping criteria: 
 The number of iteration (N=50) has been used as a termination condition. 
 
The (PS) technique can be described in the following steps: 
 
Step 1: (initialization) 
Generate randomly (N=50) particles within the search space for each parameter and save 
them inside the matrices (X1P, X2P, X3P, X4P and X5P). 
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Similarly, generate randomly initial velocities of all particles and save them inside the 
matrices (X1V, X2V, X3V, X4V and X5V), based on maximum and minimum value for 
each parameter and the population size. 
Each particle in the initial population is evaluated using the objective function, Search for 
the best value of the objective function and save it inside the parameter (JBEST). 
Step 2: (time updating) 
Update the time counter N=N+1. 
Step 3: (weight updating) 
Update the inertia weight. 
Step 4: (velocity updating) 
Using the global best (BESTCHILD) and individual best (JBEST) to update the velocity 
for each parameters. 
Step 5: (position updating) 
Based on the updated velocities, each particle changes its position by adding the inertia 
weight (X1SOLDEF for example) to the initial position (X1P for example). 
Step 6: (individual best updating) 
Each particle is evaluated according to the updating position, then the individual best 
(JBEST) is updating by selecting the one who has the minimum objective (since this case 
is a minimization problem) according to the following statement: 
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 JBEST=Min (OBJ). 
Step 7: (global best updating) 
Search for the minimum objectives (BESTCHILD) between all the individual best 
(OBJN) by implementing the following statement: 
If {OBJN (I) < BESTCHILD} then {BESTCHILD= OBJN (I)}. 
Step 8: (stopping criteria) 
Stop when the number of iteration (N=50) is reached. 
The flowchart that summarizes the above mentioned steps is given by Fig. 4.2 
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Initialization: population, velocity, 
weigh, iteration counter
Objective function evaluation
Search for the best solution
Set global best = best solution
For each particle, set local best = particle current position
Update the particle velocity
Update the particle position
Objective function evaluation
Update local best for each particle
Update the global best
Global best better 
than best solution?
Update the best solution
Yes
Stopping 
criteria met?
No
Stop
Yes
Update the weight
Iteration= Iteration+1
No
(Particle Swarm Macro MYPSOPTO)
Start
Calculate the electric field at each node by finite 
element for the received parameters
Evaluate the maximum electric field (J) among 
all the nodes.
Send this value (J) back to the main macro
Stop
(Objective Function Macro MY4Macro)
 
Figure ‎4.2 The used (PS) algorithm 
 
4.2 SIMULATED ANNEALING ALGORITHM (SA) 
        In this section the (SA) optimization technique [58-59] will be illustrated by 
considering the CB chamber problem as an example. 
The basic elements of (SA) technique are briefly stated and defined as follows: - 
Current, trial and best solutions:  
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These solutions are sets of the optimized parameter values at any iteration, the matrices 
which contains the above solutions are JT, OBJ and Min (JT) respectively. 
Acceptance criterion:  
At any iteration, the trial solution can be accepted as the current solution if it meets one 
of the following criteria: 
I. J (      ) < J (        ). 
II. J (      ) > J (        ) and exp (-[J (      ) - J (        )] /    ) > rand (0, 1). 
Here, rand (0, 1) is a random number with domain [0, 1] and J (      ) and J (        ) are 
the objective function values associated with        and           respectively,    is a 
control parameter. 
Criterion (II) indicates that the trial solution is not necessarily rejected if its objective 
function is not as good as that of the current solution with hoping that a much better 
solution becomes reachable. 
Acceptance ratio: 
 At a given value of   , a   trial solutions can be randomly generated. Based on the 
acceptance criterion, an    of these solutions can be accepted. The acceptance ratio is 
defined as   / . 
Cooling schedule: 
 It specifies a set of parameters that governs the convergence of the algorithm. This set 
includes an initial value of control parameter    , a decrement function for decreasing the 
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value of   , and a finite number of iterations or transitions at each value of   , i.e. the 
length of each homogeneous Markov chain. 
The initial value of    should be large enough to allow virtually all transitions to be 
accepted. However, this can be achieved by starting off at a small value of     (it’s 
considered as 0.01) and multiplying it with a constant ALFA larger than 1 (it’s 
considered as 1.3), i.e.    = ALFA x      This process continues until the acceptance 
ratio is close to 1. This is equivalent to heating up process in physical systems. The 
decrement function for decreasing the value of    is given by    = BETA x   ) where 
BETA is a constant smaller than but close to 1 (it’s considered as 0.8).  
Equilibrium condition: 
 It occurs when the current solution does not change for a certain number of iterations at a 
given value of   . It can be achieved by generating a large number of transitions at that 
value. 
Stopping criteria: 
 These are the conditions under which the search process will terminate. In this study, the 
search will terminate if the number of heating and cooling process reaches the maximum 
allowable number. 
 
The general algorithm of (SA) technique can be described in steps as follows: 
Step 1:  
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Set the initial value of     and randomly generate an initial solution        and calculate 
its objective function. Set this solution as the current solution as well as the best solution, 
i.e.        =           =      . 
Step 2:  
Randomly generate an   of trial solutions in the neighborhood of the current solution. 
Step 3:  
Check the acceptance criterion of these trial solutions and calculate the acceptance ratio. 
If acceptance ratio is close to 1 go to step 4; else set    = ALFA x    , and go back to 
step 2. 
Step 4:  
Generate a trial solution       . If        satisfies the acceptance criterion set           = 
      , J(        ) = J(      ), and go to step 5; else go to step 3. 
Step 5:  
Check the equilibrium condition. If it is satisfied go to step 6; else go to step 4. 
Step 6:  
Check the stopping criteria. If one of them is satisfied then stop; else set    = BETA x 
  ) and go back to Step 4. 
The flowchart that summarizes the above mentioned steps is given by Fig. 4.3 
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Set the initial value of Cp0,
randomly generate an initial 
solution 
Objective function evaluation
Set this solution as the current 
solution as well as the best solution
Randomly generate an N of trial solutions in 
the neighborhood of the current solution.
Check the acceptance criterion of these trial 
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No
(Simulated Annealing Macro MYSAOPTO)
Start
Calculate the electric field at each node by finite 
element for the received parameters
Evaluate the maximum electric field (J) among 
all the nodes.
Send this value (J) back to the main macro
Stop
(Objective Function Macro MY4Macro)
Generate a trial solution 
Objective function evaluation
Objective function evaluation
 is the trial solution satisfy 
the acceptance criterion ?
Set the current solution equal to the 
trial solution
Yes
No
Equilibrium condition 
satisfied?
Yes
No
Stopping criteria satisfied?
Yes
Set Cp = BETA x Cp
No
Stop
 
Figure ‎4.3 The used (SA) algorithm 
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CHAPTER 5 
5 SIMULATION RESULTS & 
DISCUSSION 
 
              The effectiveness of the proposed optimization algorithm has been demonstrated 
by comparing the current optimized results with two different CB designs reported in the 
literature [1] and [43]. The first CB is rated 252 kV and the other is rated at 550 kV. 
5.1 Case 1: 252 kV SF6 CB [1] 
In order to test the performance of the proposed solution algorithm, a benchmark CB 
chamber optimization problem [1] has been used. 
5.1.1 Optimizing Electric Field Using Laplace’s Equation. 
The parameters, constrains of that parameters and geometry of the tested 252 kV CB are 
given in Table 5.1, Table 5.2 and Fig. 5.1 respectively.  
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Table ‎5.1 Parameters of the tested CB 
Fixed main 
contact 
radius 
 (mm)  
 
Fixed arc 
contact 
radius  
(mm)  
 
Movable 
main contact 
radius 
 (mm)  
 
Movable arc 
contact 
radius 
 (mm)  
 
Nozzle radius  
(mm)  
 
 
                         
 
13.526 
 
14.651 
 
17.872 
 
6.046 
 
 
11.458 
 
 
Table ‎5.2 The optimized parameters constrains’ 
Constrains 
range 
 
Fixed main 
contact 
radius 
 (mm)  
 
Fixed arc 
contact 
radius 
 (mm)  
 
Movable 
main contact 
radius  
(mm)  
 
Movable arc 
contact 
radius  
(mm)  
 
Nozzle 
radius  
(mm)  
 
                         
 
Minimum  
 
7.6 
 
5.1 
 
7.6 
 
5.1 
 
4.1 
 
Maximum  
 
30 
 
30 
 
30 
 
30 
 
30 
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It’s worth to mention that all minimum values were calculated as follows: 
For example for    it is from (15/2 + 0.1 = 7.6) 
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Figure ‎5.1 Non-optimized chamber geometry 
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For comparison purposes, the governing equation used in reference [1] has been used; i.e. 
Laplace’s equation is used. The finite element grid for the initial circuit breaker chamber 
is shown in Fig. 5.2. The number is node is 1692. 
 
Figure ‎5.2 The finite element grid for the initial circuit breaker chamber 
 
The  proposed ANSYS-PS or ANSYS-SA algorithms optimized parameters as well the 
parameters using the non optimized and previous work reported in the literature [1] are 
summarized in Table 5.3. 
. 
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Table ‎5.3 Maximum electric field strength for different contacts and nozzle radius 
The used 
optimization 
technique 
Fixed 
main 
contact 
radius 
(mm)  
 
Fixed 
arc 
contact 
radius 
(mm)  
 
Movable 
main 
contact 
radius 
(mm)  
 
Movable 
arc 
contact 
radius 
(mm)  
 
Nozzle 
radius 
(mm)  
 
 
Maximum 
electric 
field 
(V/mm)  
Objective 
Maximum 
electric 
field 
reduction 
(%)  
 
                             
(None) 
Initial 
solution 
 
13.526 
 
14.651 
 
17.872 
 
6.046 
 
 
11.458 
 
4636.61 
 
0.0 
(Particle 
Swarm) 
solution 
 
23.316 
 
22.57 
 
23.316 
 
22.57 
 
22.272 
 
3292.26 
 
28.99 
(Simulated 
Annealing) 
solution 
 
22.26 
 
21.396 
 
22.26 
 
21.396 
 
21.051 
 
3331.37 
 
28.15 
(Literature 
[1] ) 
solution 
 
17.708 
 
11.858 
 
10.820 
 
15.386 
 
13.063 
 
4295.21 
 
7.36 
 
It is quite clear that the two proposed algorithms (PS) and (SA) outperform the 
optimization method reported before [1]. The (PS) electric field reduction reaches 
(28.99%), while the (SA) electric field reduction reaches (28.15%). 
This is a very high reduction when compared to the method in the literature (7.36%) 
reduction.  
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The schematic diagram for the non-optimized geometry, the electric field contour and 
vector plotting are shown in Fig. 5.1, Fig 5.3 and Fig 5.4 respectively.  
 
Figure ‎5.3 Electric field contour for the non-optimized geometry 
As shown in the above figure, the maximum electric field obtained by solving the non- 
optimized geometry is (4636.61 V/mm) at the movable arc contact. 
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Figure ‎5.4 Electric field vector for the non-optimized geometry 
 
On the other hand, Fig. 5.5, Fig 5.6 and Fig 5.7 show schematic diagram for the 
optimized geometry, electric field contour and field plotting for the (PS) optimized 
geometry respectively.   
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Figure ‎5.5 PS optimized chamber geometry 
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Figure ‎5.6 Electric field contour for (PS) optimized geometry 
It is quite clear from Fig. 5.6 that the maximum electric field obtained by solving the (PS) 
optimized geometry is (3292.26 V/mm) at the movable arc contact. This is a reduction of 
28.99% from the non optimized geometry value. 
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Figure ‎5.7 Electric field vector for (PS) optimized geometry 
 
The same initial geometry was optimized to minimize the maximum electric field using 
(SA) algorithm. Fig. 5.8, Fig 5.9 and Fig 5.10 show schematic diagram for the optimized 
geometry, electric field contour and field plotting for the (SA) optimized geometry 
respectively.   
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Figure ‎5.8 SA optimized chamber geometry 
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Figure ‎5.9 Electric field contour for the (SA) optimized geometry 
As shown in the above figure, the maximum electric field obtained by solving the (SA) 
optimized geometry is (3331.37 V/mm) at the movable main contact. This is a reduction 
of 28.15% from the non optimized geometry value. 
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Figure ‎5.10 Electric field vector for the (SA) optimized geometry 
 
Finally, the results which have been reported in the literature [1] were regenerated to 
compare the effectiveness of the used methods. Schematic diagram for the optimized 
geometry by using the built-in optimization tool in ANASYS, the electric field contour 
and vector plotting for the same are shown in Fig. 5.11, Fig. 5.12 and Fig 5.13 
respectively.   
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Figure ‎5.11 ANSYS built-in tool optimized chamber geometry
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Figure ‎5.12 Electric field contour for the ANSYS built-in tool optimized geometry 
 
As shown in the above figure, the maximum electric field obtained by solving the 
ANSYS built-in optimized geometry is (4295.21 V/mm) at the movable main contact. 
This is a reduction of 7.36% from the non optimized geometry value. 
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Figure ‎5.13 Electric field contour for the ANSYS built-in tool optimized geometry 
 
In order to give more insight about the electric field reduction at the most critical points 
in the circuit breaker, node 1 to 4 are assigned in Fig 5.14 to compare the performance of 
the proposed optimization algorithms. Comparison between the maximum electric field at 
the nodes is summarized in Table 5.4. Also Fig 5.15 shows the same comparison. 
 From the figure and table, it is quite clear that using the proposed optimization 
algorithms the maximum electric field is generally reduced and is almost uniform at all 
critical parts of the circuit breaker. On the other hand the ANSYS built-in optimization 
reduced the electric field at some points and not all of them. 
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Figure ‎5.14 the actual location for node 1, 2, 3 and 4
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Table ‎5.4 electric field magnitude in (V/mm) at different nodes for different 
geometries 
The used 
optimization 
technique 
Node number 
                
(None) 
Initial 
solution 
 
3366.23 
 
2992.78 
 
2922.19 
 
4636.61 
 
(Particle 
Swarm) 
solution 
 
3080.54 
 
2826.18 
 
2420.9 
 
2883.19 
(Simulated 
Annealing) 
solution 
 
3093.14 
 
2864.8 
 
2441.36 
 
2892.8 
(Literature 
[1] ) 
solution 
 
3247.5 
 
3195.6 
 
3378.7 
 
3269.8 
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Figure ‎5.15 electric field magnitude at different nodes for different geometries  
 
5.1.2 Optimizing Electric Field Using Poisson’s Equation. 
In this case the charge density was included and Poisson’s equation was solved in 
ANSYS by finite element method. The optimum electric fields were obtained by (PS) 
technique for different values of charge density, Table 5.5 summarizes the results. 
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Table ‎5.5 optimized maximum electric field strength for different charge densities 
using (PS) optimization 
Charge 
density 
(PC/mm2) 
Fixed 
main 
contact 
radius 
(mm)  
 
Fixed 
arc 
contact 
radius 
(mm)  
 
Movable 
main 
contact 
radius 
(mm)  
 
Movable 
arc 
contact 
radius 
(mm)  
 
Nozzle 
radius 
(mm)  
 
 
Maximum 
electric 
field 
(V/mm)  
 
                             
 
0 
 
23.316 
 
22.57 
 
23.316 
 
22.57 
 
22.272 
 
3292.26 
 
10 
 
24.676 
 
24.082 
 
24.676 
 
24.082 
 
23.844 
 
3386.54 
 
20 
 
24.356 
 
23.726 
 
24.356 
 
23.726 
 
23.474 
 
3587.2 
 
30 
 
25.075 
 
24.525 
 
25.075 
 
24.525 
 
24.305 
 
3791.25 
 
40 
 
25.309 
 
24.785 
 
25.309 
 
24.785 
 
24.576 
 
3985.49 
 
50 
 
24.722 
 
24.133 
 
24.722 
 
24.133 
 
23.898 
 
4184.8 
 
60 
 
25.411 
 
24.899 
 
25.411 
 
24.899 
 
24.694 
 
4384.8 
 
70 
 
25.357 
 
24.839 
 
25.357 
 
24.839 
 
24.632 
 
4584.18 
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80 24.676 24.082 24.676 24.082 23.844 4783.89 
 
90 
 
24.356 
 
23.726 
 
24.356 
 
23.726 
 
23.474 
 
4985 
 
100 
 
25.357 
 
24.839 
 
25.357 
 
24.839 
 
24.632 
 
5183.15 
 
From the results tabulated in Table 5.5, it is quite clear the presence of space charge 
increases the maximum electric field in the circuit breaker. 
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5.2 Case 2 : 550 kV SF6 CB [43] 
The second benchmark circuit breaker used to test the performance of the 
proposed solution algorithms is the one reported by Liu et al [43]. 
The CB configuration with geometry values are given in Fig. 5.16.  
The parameters to be optimized are   ,   ,    and   . The description of theses 
parameters and their constrains are given in Table 5.6. 
 
Table ‎5.6 The optimized parameters constrains’ 
Constrains 
range 
 
Movable arc 
contact 
radius 1 
(mm)  
 
Movable arc 
contact 
radius 2 
(mm)  
 
Fixed arc 
contact 
radius 1 
(mm)  
 
Fixed arc 
contact 
radius 2 
(mm)  
 
                    
 
Minimum  
 
7.9 
 
7.6 
 
7.3 
 
3 
 
Maximum  
 
30 
 
30 
 
30 
 
30 
 
 
The effectiveness of the proposed optimization algorithm has been demonstrated by 
comparing the current optimized results with those reported before [43]. 
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Figure ‎5.16 Non-optimized chamber geometry 
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5.2.1 Optimizing Electric Field Using Laplace’s Equation. 
Using the proposed ANSYS-PS and ANSYS-SA algorithms, the optimized parameters as 
well the non optimized and previous parameters reported in the literature [43] are shown 
in Table 5.7. It is worth mentioning that in [43] Variable Interval Genetic Algorithm 
(VIGA) has been used an optimization tool. 
Table ‎5.7 Maximum electric field strength for different contacts and nozzle radius 
The used 
optimization 
technique 
Movable 
arc 
contact 
radius 1 
(mm)  
 
Movable 
arc 
contact 
radius 2 
(mm)  
 
Fixed 
arc 
contact 
radius 1 
(mm)  
 
Fixed 
arc 
contact 
radius 2 
(mm)  
 
Maximum 
electric 
field 
(V/mm)  
Objective 
Maximum 
electric 
field 
reduction 
(%)  
 
                        
(None) 
Initial 
solution 
 
Not mentioned, high value (straight line) 
 
12337.8 
 
0.0 
(Particle 
Swarm) 
solution 
 
8.397 
 
8.103 
 
7.81 
 
3.607 
 
7333.24 
 
40.56 
(Simulated 
Annealing) 
solution 
 
8.471 
 
8.179 
 
7.887 
 
3.698 
 
7296.18 
 
41.05 
(Literature 
[5] ) 
Solution 
(VIGA) 
 
Not mentioned 
 
7749.37 
 
37.19 
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It is quite clear that the two proposed algorithms (PS) and (SA) outperform the 
optimization method reported before [43]. The (PS) electric field reduction reaches 
(40.56%), while the (SA) electric field reduction reaches (41.05%). 
This is a good reduction when compared to the method in the literature (37.19%) 
reduction. Again this example shows the superior performance of the proposed algorithm. 
The schematic diagram for the non-optimized geometry, the electric field contour and 
vector plotting are shown in Fig. 5.16, Fig 5.17 and Fig 5.18 respectively.  
 
Figure ‎5.17 Electric field contour for the non-optimized geometry 
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As shown in the above figure, the maximum electric field obtained by solving the non- 
optimized geometry is (12337.8 V/mm) at the movable arc contact. 
 
Figure ‎5.18 Electric field vector for the non-optimized geometry 
 
On the other hand, Fig. 5.19, Fig 5.20 and Fig 5.21 show schematic diagram for the 
optimized geometry, electric field contour and field plotting for the (PS) optimized 
geometry respectively.   
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Figure ‎5.19 PS optimized chamber geometry 
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Figure ‎5.20 Electric field contour for (PS) optimized geometry 
It is quite clear from Fig. 5.20 that the maximum electric field obtained by solving the 
(PS) optimized geometry is (7333.24 V/mm) at the fixed main contact. This is a reduction 
of 40.56% from the non optimized geometry value. 
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Figure ‎5.21 Electric field vector for (PS) optimized geometry 
 
The same initial geometry was optimized to minimize the maximum electric field using 
(SA) algorithm. Fig. 5.22, Fig 5.23 and Fig 5.24 show schematic diagram for the 
optimized geometry, electric field contour and field plotting for the (SA) optimized 
geometry respectively.   
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Figure ‎5.22 SA optimized chamber geometry 
91 
 
 
 
 
Figure ‎5.23 Electric field contour for the (SA) optimized geometry 
As shown in the above figure, the maximum electric field obtained by solving the (SA) 
optimized geometry is (7296.18 V/mm) at the movable main contact. This is a reduction 
of 41.05% from the non optimized geometry value. 
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Figure ‎5.24 Electric field vector for the (SA) optimized geometry 
 
In order to give more insight about the electric field reduction at the most critical parts in 
the circuit breaker, part 1 to 5 are assigned in Fig 5.25, comparison between the 
maximum electric field at these parts is summarized in Table 5.8. Also Fig 5.26 shows 
the same comparison. 
It is quite clear that using the proposed optimization algorithms the maximum electric 
field is reduced at all critical parts of the circuit breaker. 
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Figure ‎5.25 the actual location for part 1, 2, 3, 4, and 5
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Table ‎5.8 Maximum electric field magnitude in (V/mm) at different parts for 
different geometries 
 
 
 
 
The used 
optimization 
technique 
Node number 
                    
(None) 
Initial 
solution 
 
9500 
 
12394 
 
7000 
 
5500 
 
7000 
(Particle 
Swarm) 
solution 
 
5439.35 
 
4993.58 
 
6032.17 
 
476.707 
 
6409.66 
(Simulated 
Annealing) 
solution 
 
5905.63 
 
5648.45 
 
6638.98 
 
474.775 
 
6205.06 
(Literature 
[5] ) 
Solution 
(VIGA) 
 
8000 
 
6000 
 
7000 
 
500 
 
6500 
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Figure ‎5.26 Maximum electric field magnitude at different parts for different 
geometries  
 
5.2.2 Optimizing Electric Field Using Poisson’s Equation. 
In this case the charge density was included and Poisson’s equation was solved in 
ANSYS by finite element method, the optimum electric fields were obtained by (PS) 
technique for different values of charge density, Table 5.9 summarizes the results. 
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Table ‎5.9 Optimized maximum electric field strength for different charge densities 
using (PS) optimization 
Charge 
density 
(PC/mm2) 
Movable 
arc 
contact 
radius 1 
(mm)  
 
Movable 
arc 
contact 
radius 2 
(mm)  
 
Fixed 
arc 
contact 
radius 1 
(mm)  
 
Fixed 
arc 
contact 
radius 2 
(mm)  
 
Maximum 
electric 
field 
(V/mm)  
 
                        
 
0 
 
8.397 
 
8.103 
 
7.81 
 
3.607 
 
7333.24 
 
10 
 
8.397 
 
8.103 
 
7.81 
 
3.607 
 
7390.82 
 
20 
 
8.397 
 
8.103 
 
7.81 
 
3.607 
 
7529.54 
 
30 
 
8.397 
 
8.103 
 
7.81 
 
3.607 
 
7668.26 
 
40 
 
8.397 
 
8.103 
 
7.81 
 
3.607 
 
7806.98 
 
50 
 
8.531 
 
8.24 
 
7.948 
 
3.771 
 
8056.26 
 
60 
 
8.397 
 
8.103 
 
7.81 
 
3.607 
 
8084.42 
 
70 
 
8.397 
 
8.103 
 
7.81 
 
3.607 
 
8223.14 
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80 9.636 9.36 9.083 5.121 8476.23 
 
90 
 
8.531 
 
8.24 
 
7.948 
 
3.771 
 
8641.24 
 
100 
 
8.564 
 
8.273 
 
7.982 
 
3.812 
 
8780.23 
 
It can be noticed from Table 5.9 that most of the optimized solutions are identical. 
It is worth mentioning that the previous proposed algorithms converge to the optimal 
values very quickly as compared to the work reported in [43]. 
 For example, the optimization time for (PS) is about 5 minutes and for (SA) about 1 hour 
compared to more than 8 hours reported in [43].  
This is in spite of the number of nodes used in the current work (3000 nodes) as 
compared to (130 nodes) in [43]. This increase in the number of nodes improves the 
accuracy without affecting the computational time. 
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CHAPTER 6 
1 CONCLUSIONS AND 
RECOMMENDATIONS 
 
1. Formulation of the electric field in the CB as an optimized problem. 
2. For the first time artificial inelegance namely: particle swarm (PS) and simulated 
annealing (SA) are used along with ANSYS to solve such an optimization problem. 
3. The effectiveness of the newly proposed electric field optimization algorithms has 
been tested successfully on two SF6 CB’s (252 kV and 550 kV) reported in the 
literature [1] and [43] respectively. 
4. The performance of the proposed ANSYS-PS and ANSYS-SA methods outperformed 
the optimization results reported before. 
5. Not only the electric field is highly reduced using the proposed algorithms but also 
the computation time is tremendously reduced too. 
6. The effect of space charge on the performance of the proposed algorithms has been 
tested. 
7. It is recommended to include more practical space charge density and investigate the 
performance of the proposed algorithms. 
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